




































(63±18%,P<0.001)	 and	 8	 days	 later	 (76±14%,P<0.001).	 Additionally,	 PT	 led	 to	 larger	 improvements	
compared	 to	 NPT	 (19±15%,P=0.024	 and	 27±15%,P=0.016).	 Following	 the	 initial	 training	 session,	
corticospinal	excitability	increased	across	all	subjects.	After	6	weeks	of	training	and	8	days	later,	only	PT	
was	 accompanied	 by	 increased	 corticospinal	 excitability	 evidenced	 by	 a	 left	 and	 upward	 shift	 in	 the	
recruitment	curves	i.e.	decreased	rMT	(P=0.002)	and	I50	(P=0.032)	and	increased	MEPmax	(P=0.012).	Eight	







Motor	 memories	 encoded	 through	 repeated	 practice	 often	 result	 in	 performance	 increases	 when	
performing	similar	tasks	or	the	same	task	with	other	limbs.	An	example	of	the	latter	is	the	process	whereby	
training	of	a	skill	involving	one	limb	gives	rise	to	enhancements	in	the	performance	of	a	non-trained	limb.	




	Although	 the	effect	of	unimanual	 practice	on	 contralateral	 performance	has	been	 studied	extensively	










increased	excitability	of	cortical	motor	areas	 in	both	the	contralateral	 (e.g.	 (19,	20),	and	the	 ipsilateral	
hemisphere	as	well	as	changes	in	interhemispheric	inhibition	(2,	9,	16).	The	tenet	is	that	during	unilateral	






In	 line	with	 both	 the	 shared	 access	 and	 cross	 activation	models,	we	 hypothesized	 that	 incrementally	
challenging	 motor	 practice	 enhances	 performance	 of	 the	 non-trained	 hand.	 The	 rationale	 for	 this	




changes	 in	 contralateral	 corticospinal	 excitability	 compared	 to	 training	 with	 a	 fixed	 task	 difficulty	























at	 the	 same	 time	 of	 the	 day	 in	 order	 to	 minimize	 intra-individual	 day-to-day	 differences	 in	 motor	
performance	and	in	corticospinal	excitability	(24)	.	Participants	were	instructed	not	to	engage	in	physical	














again	 after	 8	 days	 without	 training.	 Fourteen	 months	 after	 the	 end	 of	 the	 6-week	 training	 period	 all	
available	 participants	 were	 subjected	 to	 a	 second	 delayed	 retention	 test.	 At	 least	 3	 days	 prior	 to	 the	
baseline	test	all	subjects	were	accustomed	to	the	lab	setting	and	experimental	procedures	involving	TMS.	






























forearms	were	secured	with	Velcroä straps	 to	maintain	 the	standard	hand	position.	The	 forearm	was	
kept	 flat	on	 the	panel	by	 two	 straps;	one	distal	 to	 the	elbow	 joint	and	 the	other	approximately	2	 cm	
proximal	to	the	wrist.	The	hand	was	held	in	a	pronated	position	by	two	straps,	one	distal	to	the	wrist	and	
the	other	crossing	the	back	of	the	hand.	Digits	1	to	4	were	similarly	fixed	to	the	panel	by	two	straps.	The	









tests	 left	hand	 ‘BreakOut’	performance	was	tested	during	a	4	min	bout	 in	which	a	screen	contained	80	
bricks.	 The	 task	 level	 for	 left	hand	motor	performance	 testing	was	 the	 same	 in	all	 testing	 sessions	and	



























Evoked	 Potential	 (MEP)	 was	 quantified	 based	 on	 the	 raw	 EMG.	 Trials	 in	 which	 pre-stimulation	 EMG	
amplitudes	exceeded	mean	background	+	2	s.d.	were	discarded	and	additional	stimulations	were	added.	
During	 all	 experiments	 involving	 TMS	 frameless	 stereotaxy	 (Brainsight	 2,	 Rogue	 Research,	 Montreal,	
















































Potential	 relations	 between	 changes	 in	motor	 performance	 and	 changes	 in	measures	 of	 corticospinal	








in	Table	1	and	performance	normalized	to	baseline	 is	presented	 in	 figure	3.	The	2-way	RM	ANOVA	on	





































(z=2.06,	 P=0.041)	while	 there	was	 no	 significant	 change	 in	 the	 slope	 parameter	 (t=1.22,	 P=0.12).	 The	













For	MEPmax	 there	was	 a	 significant	GROUP	´	 TIME	 interaction	 (F(2,68)=3.68,	 P=0.03).	 Post	 hoc	 pairwise	
comparisons	were	performed	as	Bonferroni	t-tests.	Within	the	PT	group	there	was	a	significant	increase	
in	 MEPmax	 from	 baseline	 to	 post	 test	 (t=3.05,	 P=0.012)	 and	 to	 the	 8-day	 retention	 test	 (t=3.05,	













for	 the	 right	 hemisphere	 (left	 hand)	 compared	 to	 subjects	 who	 practice	 without	 progression	 in	 task	
difficulty.	This	difference	was	also	evident	at	the	retention	test	8	days	after	the	training	period	whereas	



















The	purpose	of	 the	progressive	adjustments	of	 task	difficulty	was	 to	 continuously	adjust	 the	 imposed	
demands	for	movement	accuracy	and	speed	to	the	current	skill	level	of	each	individual	subject.	By	doing	
so,	 the	 task	would	 impose	demands	on	attention,	 cognitive	and	 sensorimotor	processing	and	 thus	be	
challenging	throughout	the	intervention	period	leading	to	a	less	effector	specific	and	consequently	a	more	
flexible	 representation(17,	 28,	 29).	 In	 support	 of	 this,	 previous	 studies	 indicate	 that	 the	 capacity	 to	






surrounding	 space	 in	 relation	 to	 the	 body	 (e.g.	 (35)).	 Rapid	 encoding	 of	 visuospatial	 coordinates	 as	
required	in	the	BreakOut	game	is	an	abstract	representation,	which	is	effector	non-specific.	This	process	




(37,	 38)(2008,	 2010),	 Berniker	 and	 Kording	 (39,	 40)	 (2008,	 2011)	 using	 adaptation	 paradigms,	 very	
different	from	the	sequential	tasks	used	by	Panzer	and	colleges(10,	41)	(2009,	2011).	The	mechanisms	







training	 changes	 were	 pronounced	 in	 the	 PT	 group	 compared	 to	 the	 NPT	 group.	 Thus,	 the	 results	
demonstrate	that	right	hand	motor	skill	training	has	implication	for	the	iM1.	
Results	 from	studies	 in	healthy	subjects	and	neurological	patients	suggest	bilateral,	but	distinct	motor	




execution	 of	 complex	 piano	 sequences	 (45)	 and	 alter	 timing	 of	muscle	 recruitment	 probably	 through	
transcallosal	 influences	 (46,	47).	This	 interpretation	 is	 supported	by	 the	sparse	 ipsilateral	corticospinal	
connections	 seen	 in	 non-human	 primates	 (48).	 The	 involvement	 of	 iM1	 in	 unilateral	motor	 control	 is	
supported	 by	 the	 finding	 of	 increased	 corticospinal	 excitability	 and	 decreased	 intracortical	 inhibition	
during	execution	of	a	goal-oriented	precise	movement	with	the	ipsilateral	hand	compared	to	a	control	
situation	with	 comparable	muscle	 activity	 (49).	 Together	 these	 results	 suggest	 that	 fine	 goal-oriented	
motor	control	is	partly	dependent	on	and	can	be	influenced	by	activity	in	the	ipsilateral	primary	motor	
cortex.	 In	many	studies,	however,	 it	 is	not	possible	 to	assess	 the	extent	 to	which	 iM1	 influences	or	 is	
influenced	 by	 the	 unilateral	 motor	 activity.	 This	 is	 also	 the	 case	 for	 the	 present	 study,	 although	 the	
observed	changes	 in	 iM1	corticospinal	excitability	could	be	consistent	with	the	cross-activation	model,	
since	we	also	recently	found	cM1	excitability	to	be	increased	following	this	type	of	training	(unpublished	




Similar	 to	 the	 present	 study,	 changes	 in	 performance	 of	 the	 non-trained	 hand	 have	 previously	 been	
demonstrated	to	coincide	with	increases	in	iM1	excitability	following	unimanual	training	of	a	ballistic	task	
(2)	and	to	be	susceptible	to	interference	induced	by	rTMS	over	the	iM1	following	training	(23).	Despite	
contrasting	 results	 demonstrating	 decreased	 ipsilateral	 excitability	 following	ballistic	 training	 (50),	 the	
majority	of	 findings	support	a	role	 for	 the	 ipsilateral	M1	 in	both	unilateral	motor	control	and	bilateral	
increases	in	performance.	Our	results	support	this	role	and	suggest	that	increasing	the	before	mentioned	
















For	 many	 patients,	 bilateral	 performance	 gains	 accompanying	 unilateral	 training	 effects	 may	 have	
important	 clinical	 implications.	During	 limb	 immobilization	 training	of	 the	 contralateral	 limb	has	been	
demonstrated	 to	 attenuate	 the	 atrophy,	 strength	 loss	 and	 decline	 in	 range	 of	motion	 through	 cross-
education	 effects	 (53-55).	Maladaptive	 plastic	 changes	 in	 the	 CNS	 accompanying	 immobilization	 have	
been	demonstrated	for	both	the	upper	(56)	and	lower	extremities	(57,	58).	These	can	be	counteracted	












excitability	 for	 the	 non-trained	 (right)	 hemisphere	 across	 all	 subjects,	 progressive	 training	 was	
accompanied	by	pronounced	long-term	changes	in	iM1	and	corticospinal	excitability	compared	to	non-
progressive	 training.	 Both	 the	 behavioural	 effects	 and	 the	 electrophysiological	 differences	 between	
groups	were	also	evident	at	the	retention	test	8	days	after	the	training	period,	but	14	months	after	the	
intervention	 there	 were	 no	 differences	 between	 groups.	 The	 enhanced	 left	 hand	 performance	 and	
accompanying	changes	 in	corticospinal	excitability	suggest	that	changes	 in	the	 ipsilateral	motor	cortex	
and	corticospinal	pathway	contribute	to	the	improved	performance	of	the	non-trained	hand.	The	findings	
may	have	important	clinical	implications	for	rehabilitation	training	and	add	to	previous	studies	suggesting	
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